Abstract: Implant design in total knee arthroplasty is a key factor for the recovery of function and mobility of the joint. However, there is a lack of knowledge on the complex relationship between design features and the biomechanical situation. The posterior inclination of the tibial plateau (tibial slope) has a known functional impact on knee joint kinematics. In the native knee it shows high inter-individual differences, which is inadequately considered in total knee arthroplasty. We investigated the effects of the separate and combined variation of the medial and lateral tibial slope on knee joint kinematics in an in vitro setup. Therefore, the medial and lateral inserts of a knee implant were parameterised and the initial slope was gradually varied to +4°, +2° (posterior) and -2°, -4° (anterior). The variations were manufactured by using polymer based rapid prototyping. The effects on semi-active tibiofemoral and patellofemoral kinematics were studied and quantified in terms of the Root Mean Square Error and Pearson's Correlation coefficient. The overall largest effect was observed on tibiofemoral internal-external rotation by the variation of the lateral insert. The anterior-posterior translation was predominantly effected by the combined variation. Nevertheless, the lateral variation showed greater influence than medial. In contrast, changes in patellofemoral kinematics were small. Our findings suggest that in total knee arthroplasty the lateral tibial slope has a larger functional effect than the medial tibial slope. Thus, functional design optimization should focus on the lateral insert.
Introduction
Total knee arthroplasty is a common surgical intervention to treat osteoarthritis and other degenerative alterations of the knee. However, there are still some limitations in the survivorship and patients' satisfaction, such as loss of quality of live, pain or increased emotional stress [1] . Implant design is essential for the functional recovery of the knee and associated directly with the clinical outcome [2] . For example, Gaizo et al. [3] stated that chronic instability in flexion might be related to implant size, excessive tibial slope, or elevation of the joint line. Image based patientspecific implant technology opens the door towards a patientspecific optimization adapting the implant's shape on an individual basis. Although design features of the implant have been identified [4] , there is still a lack of knowledge about the relationship between these parameters and the complex kinematics of the knee joint.
The tibial slope, also referred to as posterior inclination of the tibial plateau, is kinematically important since the knee's range of motion is largest in the sagittal plane. Accordingly, it is known as an important factor for maximal flexion [5] and anterior-posterior translation between femur and tibia in the native [6] [7] [8] as well as artificial knee [9] . Furthermore, the variation of the tibial slope can affect the load of the cruciate ligaments and cause loosening of the implant [9] .
In literature, there is no uniform measuring method to determine the tibial slope [10] . The tibial slope has been reported typically as a single measure obtained from a lateral tibial radiograph [7] . Meric et al. [11] evaluated 13,546 CT scans of arthritic patients and found an average tibial slope of the entire plateau of 7.2°±3.7° ranging from -5° to + 25°. However, studies have shown that the medial and lateral tibial slope differ substantially with each contributing independently to knee joint stability [12] . Nevertheless, in conventional implant design the tibial slope is equal for the medial-lateral compartment.
The aim of this study is to investigate the effects of the separate and combined variation of the medial and lateral tibial slope of an implant on knee joint kinematics in an in vitro test setup. The work is based on previous approaches by our group for parameterization of an implant shape and rapid prototyping of replicates [13, 14] .
Material & Methods
Initially, polygon meshes in STL format of one set of patientspecific medial and lateral tibial inserts (iTotal, ConforMIS, Inc., Billerica, MA, USA) were used for parameterisation. The articulating joint surfaces were approximated by functional surface models, using a self-developed workflow in MATLAB (The MathWorks, Inc., Natick, MA, USA) [15] . The models were generated based on fitted ellipses in the frontal and sagittal planes. Subsequently, the tibial slope of each insert was modified in four different variations by a rotation of the sagittal ellipses. The initial slope was changed to +4°, +2° (posterior) and -2°, -4° (anterior) (Figure 1 ). Based on the modified functional surface models, overall eight insert variations were transferred to STL models for manufacturing. The parameterized inserts were rapid prototyped using Fused Deposition Modelling (Figure 2 ), following the proposed workflow for the manufacturing of polymer based replica implants [14] . An AcrylnitrilButadien-Styrol filament was used and the inserts were postprocessed with acetone vapor in order to obtain smooth surfaces. In comparison to the conventional CNC machining of Ultra-High-Molecular-Weight Polyethylene (UHMWPE) this approach allows a fast and cost-efficiently manufacturing of implant replica with adequate mechanical properties for kinematic in vitro studies [14] . The kinematic analysis of the parameterized inserts was performed in our experimental knee simulator (Figure 3) . The simulator consists of five active pneumatic muscles (DMSP, Festo, Esslingen, Germany). Hence, the M. rectus femoris, M. vastus medialis, M. vastus lateralis, M. biceps femoris and M. semimembranosus can be controlled. The hip assembly has two degrees of freedom (DOF), which allow hip abduction-adduction and flexion-extension, and it can move vertically relative to the ankle assembly. The ankle assembly allows flexion-extension, abduction-adduction, and internal-external rotation, resulting in three DOF. The simulator can be used for the analysis of passive, semi-active and active kinematics on cadaver specimen as well as on artificial joints. In this study, an artificial knee joint was composed of the original femoral component, patella button and tibial tray. The tibial inserts were mounted in the original tibial tray and could be manually replaced. Collateral ligaments are represented by elastic rubber bands and the posterior cruciate ligament was neglected. The knee kinematics were recorded with an optical tracking system (Polaris Spectra, NDI, Ontario, Canada). The performed motion was a semi-active knee flexion from approximately 15° to 90°, which means that a linear motor drives flexionextension with constant muscle forces over the whole range of motion. The effects on knee joint kinematics were studied comprehensively by the separate and combined variation of the medial and lateral tibial slope. At first, the medial and lateral slopes were changed together. Then, the medial and lateral slopes were changed separately, making a number of twelve flexion-extension cycles. Each cycle was repeated three times to avoid running-in phenomena.
For the quantitative evaluation of the effects on knee joint kinematics, the Root Mean Square Error (RMSE) and the Pearson´s Correlation Coefficient (r2) were calculated using MATLAB. We compared the variation of +4° to the variation of -4°, so that the effects of the variations can be interpreted as the difference between maximum and minimum tibial slope.
Results
The quantitative results of the tibiofemoral and patellofemoral kinematics are presented in Table 1 and  Table 2 . The largest effect can be seen on tibiofemoral internal-external rotation for the variation of the lateral insert. In comparison, the effects observed in case of medial and combined variation were less pronounced. The tibiofemoral anterior-posterior translation was mainly effected by the combined variation of the medial and lateral inserts as well as by a separate variation of the lateral insert. In contrast, the variation of the medial insert showed only a minor impact on anterior-posterior translation. For all three types of variations, the tibia translated to anterior for increased posterior tibial slope (Figure 4) . Looking at the varus-valgus kinematics, particularly the lateral variation effected a dynamic valgus rotation. The variation of the medial insert made little differences.
In comparison to the tibiofemoral kinematics, the patellofemoral kinematics showed small RMSE values. The highest values occurred in the internal-external rotation by variation of the lateral insert. 
Discussion
In this in vitro study, the effect of the tibial slope on the (semi-active) kinematics of the knee joint has been investigated. In accordance with the literature, the effect of the tibial slope on tibiofemoral anterior-posterior translation could be confirmed. An increased tibial slope was correlated with increased anterior translation of the tibia, which corresponds to Dejour et al. [6] . In addition, our study showed that the lateral tibial slope has a larger effect than the medial tibial slope. The variation of the tibial slope of the lateral insert revealed effects on internal-external rotation and dynamic varus-valgus rotation. The effects can be explained by the dominant anterior translation of the tibia on the lateral side, which causes internal rotation of the tibia and a dynamic valgus rotation. The same effects can be observed by variation of the medial inlay, but less pronounced. The study is limited by the representation of the knee joint. For example the posterior cruciate ligament is neglected. In this regard, Singerman et al. [16] found a correlation between increased strain and decreased slopes. In addition, the parameterisation of the original tibial inserts by single ellipses might over-simplify the actual insert design.
In conclusion, our findings suggest that in an asymmetric tibial insert design, where the medial compartment is more constrained than the lateral, the lateral tibial slope has a larger effect on knee joint kinematics than the medial tibial slope. Thus, design optimization should focus on the lateral insert. The tibial slopes primarily effect tibiofemoral internalexternal rotation and anterior-posterior rotation. The other kinematics show little dependencies. As a consequence we propose that the lateral tibial slope in total knee arthroplasty needs to be compatible to other functional parameters, which effect the axial rotation and anterior-posterior motion. These parameters include, for example, rotational tibial component alignment, trochlear groove orientation and the position of the tuberositas tibiae. In the future, the approach might be used for comprehensive implant design and functional parameter optimization.
